The delamination of montmorillonite in water leads to sliming in ore slurry, which is detrimental to mineral flotation and solid/water separation. In this work, the delamination of Na-montmorillonite (Na-MMT) has been restrained by sodium dodecyl sulfate (SDS) or octadecyl trimethyl ammonium chloride (1831) through the adsorption on the edge of the mineral. The experimental results have shown that the pretreatment by adding SDS and 1831 could greatly reduce the Stokes size percentage of −1.1 µm particles in the aqueous Na-MMT suspension. From the X-ray diffractometer (XRD) results, the interlayer spacing of the MMT pre-treated by SDS and 1831 is smaller than that of original MMT particles. Adsorption position of SDS and 1831 on MMT surfaces was analyzed by the measurements of adsorption capacity of SDS and 1831, inductively-coupled plasma spectra, and zeta potential before and after the plane surface of MMT was covered with tetraethylenepentaminecopper ([Cu(tetren)] 2+ ). The results indicated that SDS and 1831 are adsorbed on the edge and the whole surface of Na-MMT, respectively. Delamination of MMT could be well restrained by the adsorption of SDS and 1831 on the edges of MMT.
Introduction
Na-montmorillonite (Na-MMT) is one kind of 2:1 phyllosilicates with the exchangeable Na + cation adsorbed in the interlayer space close to the tetrahedral basal oxygen atoms [1] . When the Na-MMT particle is immersed in water, the interlayer of MMT will be hydrated. The interlayer hydration includes (i) hydration of interlayer cations; (ii) interaction of clay mineral surfaces with water molecules and interlayer cations; and (iii) water activity in the clay mineral-water system [2] . Vibrational studies have shown that they are less hydrogen-bonded to each other and the water molecules are strongly polarized by the interlayer cation extending to about 12 H 2 O molecules per interlayer cation. These findings are in good agreement with quasi-elastic neutron scattering (QENS) studies which reveal that water diffusion in the interlayer space is about an order of magnitude slower relative to bulk water [3] . Generally, the water molecules forms hydration shells around the interlayer cations which offer the energy for expanding the interlayer space, while the other water molecules get adsorbed into the expanded interlayer space [4, 5] . After the interlayer is intercalated with water
Experimental

Sample Preparation
The Na-MMT powder sample was obtained from Chifeng Ningcheng Montmorillonite Co., Inner Mongolia, China. The composition of the sample was characterized using a Bruker D8 Advance X-ray diffractometer (XRD) at a voltage of 40 kV and a current of 30 mA with Cu K radiation (λ = 0.15418 nm). Figure 1 gives the XRD pattern, showing that the purity of the sample is very high grade and only contains negligible impurities. with water molecules and the interlayer space is expanded, the Na-MMT can be easily exfoliated and delaminated into fine nanosheets [6] . The delamination of MMT appears in many separation processes, such as hydrometallurgy, magnetic separation and solid-water separation [7, 8] . For example, the presence of colloidal MMT in copper leachate would lead to an extreme difficulty for the purification of the leachate [9] . The delamination of MMT would result in the declining of the settling rate of the MMT particles and, thus, poor sedimentation [10] . Furthermore, it would reduce the efficiency of filtering. Thus, it is vital to create a new method to reduce the content of fine particle from tailings slurries which are caused by delamination of Na-MMT in leaching process.
Güven [2] has found that the non-ionic polar organic molecules can replace the adsorbed water on external surfaces of MMT. As a result, the surface of MMT particles can become hydrophobic, losing their tendency to attract water molecules. Sodium dodecyl sulfate (SDS) is an anionic surfactant with the formula CH3(CH2)11SO4Na. Octadecyl trimethyl ammonium chloride (1831) is a cationic surfactant with the formula C21H46NCl. In this work, SDS and 1831 was pre-adsorbed onto the edge surface before immersion of Na-MMT in water, in order to reverse the hydrophilic edge surface to hydrophobic, thereby, preventing water adsorption in the interlayer space and to prevent Na-MMT from delaminating to super fine particles in water. In the processes, surfactant adsorption on MMT would not bring any problem for separation in hydrometallurgy, magnetic separation, and solid-water separation. Therefore, there are significant applications of our finding in this study to the above-mentioned processes. The adsorption position of the surfactant is determined by the adsorption relation between the surfactant and tetraethylenepentaminecopper ([Cu(tetren)] 2+ ), by which ([Cu(tetren)] 2+ ) can pre-block the structural charges of MMT.
Experimental
Sample Preparation
The Na-MMT powder sample was obtained from Chifeng Ningcheng Montmorillonite Co., Inner Mongolia, China. The composition of the sample was characterized using a Bruker D8 Advance X-ray diffractometer (XRD) at a voltage of 40 kV and a current of 30 mA with Cu K radiation (λ = 0.15418 nm). Figure 1 gives the XRD pattern, showing that the purity of the sample is very high grade and only contains negligible impurities. The analytical grade Cu(NO3)2·3H2O, tetraethylenepentamine, methyl orange solutions, ethanol, cetylpyridinium bromide, dichloromethane, methylene blue, thymol blue, Na2SO4, 95% sulfuric acid, SDS and 1831 are obtained from Sigma-Aldrich Co, Shanghai, China. The water was produced using a Millipore Milli-Q Direct 8/16 water purification system (Billerica, MA, USA) with 18.2 MΩ. The analytical grade Cu(NO 3 ) 2 ·3H 2 O, tetraethylenepentamine, methyl orange solutions, ethanol, cetylpyridinium bromide, dichloromethane, methylene blue, thymol blue, Na 2 SO 4 , 95% sulfuric acid, SDS and 1831 are obtained from Sigma-Aldrich Co, Shanghai, China. The water was produced using a Millipore Milli-Q Direct 8/16 water purification system (Billerica, MA, USA) with 18.2 MΩ.
Pre-Adsorption of SDS and 1831 on the MMT Surface
0.5 mL liquid agent and 1 g MMT are added into a grinding tank (diameter 4.5 cm and height 5 cm with seven zirconia balls). The mass ratio of ore to agent was 50:1. The MMT and agent were mixed in a QM-3SP04 planetary mill (Shanghai Longtuo Co. Ltd, Shanghai, China) mechanically for 60 min at 150 rev/min. The MMT paste was dispersed in 80 mL water by stirring for 3 min at 450 rev/min. The prepared suspension was used for the measurements of Stokes size. The Stokes size was measured by centrifugal classification using a Thermo Fisher Sorvall ST16 centrifuge (Waltham, MA, USA). The solid in suspension was separated by centrifugation and the solid component was dried in an electro-thermostatic blast oven for 8 h at 60 • C. The interlayer spacing of the dried powder was detected using a Bruker D8 Advance X-ray diffractometer (XRD) (Karlsruhe, Germany). The delaminated MMT sample named MMT 1 was prepared as follows: 15 g MMT powder was poured into 500 mL deionized water and then delaminated for 8 min using an intermittent sonication at the strength of 60% by a Vernon Hills Illinois Cp505 ultrasound dispersion (Hielscher, Ringwood, NJ, USA). The ultrasound-treated MMT was separated by centrifuge for 4 min at 10,000 rev/min and 3 min at 11,000 rev/min, in order to get the delaminated supernatant of MMT. Then, the MMT 1 supernatant was obtained by diluted the delaminated supernatant to 0.01 g/L. Zeta potential of the dilute suspension was measured using a Malvern Zetasizer Zeta-Nano (Malvern, UK).
An analogous procedure was followed to obtain the [Cu(tetren)] 2+ solutions in deionized water. A 0.01M [Cu(tetren)] 2+ solution was prepared by mixing equal volumes of 0.02 mol/L Cu(NO 3 ) 2 ·3H 2 O and 0.02 mol/L tetraethylenepentamine. 50 mL of the MMT 1 suspension and 150 µL of the [Cu(tetren)] 2+ solution were added to a centrifuge tube. After 24 h equilibration with shaking, [Cu(tetren)] 2+ was adsorbed onto the plane surface of MMT until saturation to obtain MMT 2 sample. The zeta potential of MMT 2 suspension was measured using a Malvern Zetasizer Zeta-Nano.
Concentration Measurement of SDS and 1831
Concentration of SDS can be measured by spectrophotometric quantification method. The colorimetric reaction of the SDS was carried out as follows: 1 mL desired concentration (from 0-9 mmol/L) of SDS was poured into a 25 mL volumetric flask. 24 mL coloring solution was poured into the volumetric flask and allowed to react for 2 h. The SDS solution was colored and the absorbance of the solutions was measured using a Thermo Genesys spectrophotometer (Waltham, MA, USA). The coloring solution was obtained as follows: 20 mL methyl orange solutions, 100 mL ethanol, 20 mL cetylpyridinium bromide solutions, 100 mL ethanol, and 760 mL deionized water were poured into a 1000 mL volumetric flask in order. Both the concentrations of the methyl orange solutions and the cetylpyridinium bromide solutions are 2.5 mmol/L. The mixed solution was reacted for 3 h in the volumetric flask.
The concentration of 1831 in aqueous solutions was determined by titration. Octadecyl trimethyl ammonium chloride (1831) is one kind of cationic surfactant with the formula C 21 H 46 NCl. The titration solution was 1831. The titrate solutions was prepared as follows: 20 mL SDS solutions, 5 mL mixed indicator, 5 mL acidity Na 2 SO 4 solutions, 10 mL deionized water, and 15 mL dichloromethane was poured into a beaker in order. The concentration of SDS was 3 mmol/L. The 1831 solution was dropped into the titrate solutions until the pink phase turned colorless. The amount of the 1831 was equals to the dropped SDS. The standard curve of 1831 is shown in Figure 2b .
The mixed indicator was obtained by mixing 225 mL thymol blue solutions with 30 mL methylene blue solutions. The thymol blue solutions was prepared as follows: 0.05 g thymol blue was dissolved in 50 mL 20% ethanol water solutions. The supernatant was separated by filtration and then diluted to 500 mL. The concentration of methylene blue solutions was 0.036 g/L. The acidity Na 2 SO 4 solutions was obtained as follows: 100 g Na 2 SO 4 was poured in 12.6 mL 95% sulfuric acid solutions and then dissolved and diluted to 1 L. and then diluted to 500 mL. The concentration of methylene blue solutions was 0.036 g/L. The acidity Na2SO4 solutions was obtained as follows: 100 g Na2SO4 was poured in 12.6 mL 95% sulfuric acid solutions and then dissolved and diluted to 1 L.
(a) (b) 
Adsorption Position of SDS and 1831 on the MMT Surface
Adsorption position of SDS and 1831 was determined by the adsorption isotherms results, zeta potential result, and exchange of Cu content on the surface of MMT 1/MMT 2. Firstly, 0.5 mL SDS/1831 with certain concentration was added into 5 mL MMT 1/MMT 2 suspensions. After that, suspensions were diluted to 50 mL with deionized water and reacted for 12 h. The concentration of SDS and 1831 in liquid phase was determined by spectrophotometric quantification and titration methods, respectively. The zeta potential of the prepared suspension was measured by using a Malvern Zetasizer Zeta-Nano (Malvern, UK). To measure the Cu content of the samples and the concentration of surfactants, suspension was centrifuged for 2 min at 4000 rev/min in order to separate the solid and liquid. After that, the solid sample was dried in an electro-thermostatic blast oven for 8 h at 60 °C in order to detect the Cu content. Then, Cu content of the prepared sample was detected by a Perkin Elmer Optima 4300DV inductively-coupled plasma spectrometer (ICP) (Waltham, MA, USA).
Results and Discussion
Restraining Montmorillonite Delamination
The Stokes size of the MMT in water after adsorbed SDS and 1831 are presented in Figure 3 . The Stokes size percentage of −1.1 µm particles of MMT pre-treated by SDS and 1831 was 10.1% and 
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Results and Discussion
Restraining Montmorillonite Delamination
The Stokes size of the MMT in water after adsorbed SDS and 1831 are presented in Figure 3 . The Stokes size percentage of −1.1 µm particles of MMT pre-treated by SDS and 1831 was 10.1% and 9.2%, respectively. These two values are much larger than those of original MMT (32.2%), indicating that the Stokes size of the original MMT was finer than that which was pre-treated by SDS and 1831.
It means that the delamination was restrained by pre-adsorption of SDS and 1831. The delamination of Na-MMT in water is often caused by the interlayer hydration [6, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . However, after 1 h mixing in planetary mill, the agent and MMT particles mixed with each other sufficiently. The SDS and 1831 were adsorbed onto the MMT surface and the surface was changed to hydrophobic before the MMT was immersed in water. Then, the water molecule was block out of the interlayer and the interlayer hydration was restrained. In this case, the effect of delamination was weakened by pre-adsorption of SDS and 1831.
Minerals 2016, 6, 87 5 of 10 9.2%, respectively. These two values are much larger than those of original MMT (32.2%), indicating that the Stokes size of the original MMT was finer than that which was pre-treated by SDS and 1831. It means that the delamination was restrained by pre-adsorption of SDS and 1831. The delamination of Na-MMT in water is often caused by the interlayer hydration [6, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . However, after 1 h mixing in planetary mill, the agent and MMT particles mixed with each other sufficiently. The SDS and 1831 were adsorbed onto the MMT surface and the surface was changed to hydrophobic before the MMT was immersed in water. Then, the water molecule was block out of the interlayer and the interlayer hydration was restrained. In this case, the effect of delamination was weakened by pre-adsorption of SDS and 1831. Figure 4 shows the XRD pattern of MMT pre-treated by SDS and 1831. The interlayer spacing of the original MMT and MMT treated by the agent was measured by XRD. The results show that the interlayer spacing of the original MMT is mainly including two different kinds: 1.24 and 1.34 nm. It can be known that the MMT with the interlayer spacing of 1.34 nm was interlayer hydrated and can be delaminated in water. After MMT particles was dried in an electro-thermostatic blast oven at 60 °C, some of the hydrated water molecules of Na + still remained around [21] and the interlayer spacing was turned to 1.34 nm. It can be inferred that the interlayer counter ions offers the hydration energy for these MMT particles adsorbing water molecules and expanding the interlayer spacing in water. Then, leading to these MMT particles delaminated to fine particles [6, [19] [20] [21] . Figure 4 also shows that the interlayer spacing of MMTs adsorbed with SDS and 1831 are both 1.24 nm, which was less than that of original MMT (1.34 nm). The smaller interlayer spacing can be attributed to the hydrophobization of MMT which can prevent the intercalation of water into the interlayer space. In this case, XRD results confirmed that the interlayer hydration of MMT was restrained by the adsorption of SDS and 1831. It can be known that the MMT with the interlayer spacing of 1.34 nm was interlayer hydrated and can be delaminated in water. After MMT particles was dried in an electro-thermostatic blast oven at 60 • C, some of the hydrated water molecules of Na + still remained around [21] and the interlayer spacing was turned to 1.34 nm. It can be inferred that the interlayer counter ions offers the hydration energy for these MMT particles adsorbing water molecules and expanding the interlayer spacing in water. Then, leading to these MMT particles delaminated to fine particles [6, [19] [20] [21] . Figure 4 also shows that the interlayer spacing of MMTs adsorbed with SDS and 1831 are both 1.24 nm, which was less than that of original MMT (1.34 nm). The smaller interlayer spacing can be attributed to the hydrophobization of MMT which can prevent the intercalation of water into the interlayer space. In this case, XRD results confirmed that the interlayer hydration of MMT was restrained by the adsorption of SDS and 1831.
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Adsorption Position of SDS and 1831 on the Surface of MMT
Adsorption position of SDS and 1831 was measured by the adsorption capacity on the different surface of MMT. Firstly, the plane surface of MMT 1 was covered with [Cu(tetren)] 2+ to prepare MMT 2. The zeta potential of MMT 1 and MMT 2 are shown in Figure 5 . The zeta potential of MMT 2 was around 0 mV, meaning that the plant surface was fully covered with [Cu(tetren)] 2+ . After that, the adsorption capacity of SDS and 1831 on the surface of MMT 1 and MMT 2 was measured. The adsorption capacity is shown in Figures 6 and 7 , respectively, and, the content of Cu adsorbed on MMT 2 surface after being treated by SDS and 1831 are shown in Figure 8 . The results show that the adsorption capacity of SDS and 1831 was similar before and after the MMT adsorbed [Cu(tetren)] 2+ . However, the content of Cu on MMT 2 treated by SDS was much higher than that of treated by 1831. These results indicated that the [Cu(tetren)] 2+ adsorbed on the plant surface can be replaced by 1831, but cannot be replaced by SDS. Because the SDS adsorption capacity was similar before and after the MMT was adsorbed with [Cu(tetren)] 2+ , it can be known that SDS cannot be adsorbed on the plant surface of MMT. Thus, the adsorption capacity of SDS on the MMT surface can be attributed to the adsorption on edge surface. Since the [Cu(tetren)] 2+ adsorbed on the plant surface can be replaced by 1831, it means that 1831 was adsorbed on the whole surface of MMT. Since the MMT cannot be delaminated in water after being treated with SDS, then, the delamination of MMT can be restrained as long as the surfactant was adsorbed on the edge surface of MMT. 
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Conclusions
(1) The SDS and 1831 can be pre-adsorbed onto the edge surface of MMT mixed by grinding. The edge surface of MMT was turned hydrophobic before the MMT was immersed into water. The water molecule was block out of the interlayer space and the interlayer hydration was avoided when the MMT was immersed in water. Delamination of montmorillonite in water can be restrained by pre-adsorption of SDS and 1831.
(2) SDS is only adsorbed on the edge surface of MMT, while 1831 is adsorbed on both of the edge and plane of MMT. The hydrophobization of edge surface of MMT is useful in restraining delamination of MMT. 
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: 1831).
